Iron oxide films were synthesized by pulsed-DC magnetron sputtering from a metallic target in Ar and O2 gas mixtures. Plasma emission monitoring was implemented to accurately control the metalto-oxygen ratio in the coating through the chemical state of the iron target. The intensity of the Fe* emission line was maintained at a given value (setpoint) in regulating the introduced oxygen flow rate. In addition, the oxidation rate of the growing film was adjusted by controlling the oxidationto-deposition rate ratio as a function of the position of the substrates relative to the magnetron axis.
Introduction
In the recent years, synthesis of magnetic thin films and nanostructures have been investigated for various applications due to their unique structural, electrical, optical and magnetic properties [1] [2] [3] [4] [5] . The versatile properties and its abundance make iron oxide an interesting material suitable for a wide range of applications [6] [7] . According to the crystallographic phase and to the oxygen content, either a semiconductor hematite -Fe2O3 phase or half-metallic magnetite spinel Fe3O4 phase can be observed resulting in various optical, electrical and magnetic properties [8] [9] [10] . The hematite and magnetite phases possess a bandgap of approximately 2.2 and 0.1 eV, respectively [9] . The hematite exhibits weak ferromagnetism, whereas the magnetite is ferrimagnetic at ambient temperature [11] [12] . The magnetite behaves almost as an electrical metallic conductor, while the hematite phase displays electrical insulating property [6] . As examples, hematite can be used as an anode for a lithium-ion battery [13] or for photoelectrochemical water splitting [14] , as pigment [15] [16] [17] , in waste water treatment [18] , 3 as a gas sensor [19] [20] , or in catalysis [21] . Magnetite can be employed in biomedical [22] [23], magnetic printing [24] [ 25] , in microelectronics as a microwave-absorbing materials [26] [27][28] [29] , in thermoelectricity [30] , or as a thermistor in a bolometer [31] .
Since iron oxide films properties strongly depend on their stoichiometry, an accurate control of the oxygen quantity in the growth chamber is required [32] . In conventional reactive sputtering, the reactive gas introduced in the sputtering chamber is generally controlled by its mass flow leading to the formation of an unstable transient sputtering mode between the metallic and the compound sputtering modes. This is the result of chemical reactions on both target and substrate [33] . Some compositions then remain inaccessible in the transient mode [34] . In addition, erosion of the thin magnetic target can generate a drift in the stoichiometry of the film for long deposition time.
Several solutions have been proposed to overcome these difficulties, e. g. the alternation of the sputtering mode between the reactive and the metallic sputtering mode either in pulsing the reactive Furthermore, the oxidation of the growing film partially resulting from the direct reaction with the oxygen species of the discharge [44] , the oxidation rate is also dependent on the film deposition rate for a given constant oxygen flow rate. With a fixed substrate holder, the deposition rate is strongly influenced by the sample position relative to the magnetron axis, i.e. its incidence angle.
Here, iron oxide films were synthesized by sputtering a Fe metallic target in Ar and O2 gas mixtures. Optical emission spectroscopy was implemented to monitor the excited Fe * emission line 4 in the vicinity of the target. The spectrometer was connected to a feedback loop system which regulates the oxygen flow rate according to Fe * emission line intensity. The metal-to-oxygen fluxes ratio at the target surface can then be adjusted in controlling the Fe* emission line intensity. To check the synthesis quality and the ability to tune the composition with this method, chemical and physical properties were studied as a function of the steady-state setpoint defining the surface coverage of the target and by taking into account the relative position of the substrate relative to the magnetron axis.
Material and methods

Iron oxide films preparation
The sputtering device consists in a 100 L stainless steel vessel (Alcatel SCM 650). A base pressure of less than 10 -3 Pa was obtained with a turbomolecular pump unit. Iron target of 200 mm-diameter and 2 mm-thick was sputtered with a pulsed Advanced Energy Pinnacle Plus+ power supply and a current density set at 64 A m -2 . Fused silica glass slides were used as substrates. The substrate holder is located at 13 cm from the Fe target. For each run, 4 substrates were placed at different distances from the magnetron target axis resulting in different incidence angles relatively to the normal of the substrate holder (α). In other words, the farther away the sample is to the magnetron axis, the higher the incidence angle. Ar and O2 gases flow rates were controlled with MKS flowmeters, and MKS Baratron gauge was used to measure the total pressure. Only Ar gas was regulated at constant flow rate (30 sccm), oxygen being monitored in real time thanks to the closed loop control system.
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The feedback loop system consists of an optical fiber which collects the light emitted from the discharge near the target and sends it to a photomultiplier tube (Hamamatsu R 636) that equips a
Roper Scientific SpectraPro 500i spectrometer. Computer software monitors the intensity of the excited Fe * emission line at (385.99 nm) and regulates the O2 gas flowmeter as a function of the setpoint. The sputtering of the Fe target in a pure Ar atmosphere defines the 100 % of the setpoint.
Consequently, a decrease in the setpoint means that the target coverage increases and hence, the sputtering rate decreases.
FeOx films characterization
The thickness was determined from the cross-sections of the films via a Field Emission Scanning
Electron Microscope (FE-SEM JEOL JSM -7800F). The thickness of the coatings ranges from to 1.2 to 2.5 µm. The structural features of the coatings were investigated by using a Bruker D8 focus diffractometer (Co Kα radiation) equipped with the LynxEye linear detector in a Bragg Brentano configuration. The total transmittance and reflectance of the coatings were measured with a Shimadzu UV-3600 spectrophotometer equipped with ISR-3100 integrating sphere in the range 200-1500 nm. Standard white board BaSO4 was used for the baseline. The resistivity of the coating was determined from the sheet resistance measured using conventional four probe method (Jandel system). Magnetometry measurements were performed with a vibrating sample magnetometer (Lakeshore model 7300) at room temperature with a magnetic field (up to 1T) applied in the plane of the films.
Results and discussion
Deposition rate of FeOx films
Fig. 1 exhibits the evolution of the deposition rate as a function of the setpoint for different incidence angles. From 50 to 80 % of setpoint, the deposition rate increases with the setpoint. The rarefaction of the oxygen partial pressure in the discharge with the setpoint increase lowers the target poisoning and therefore induces a higher deposition rate. In addition, it can be verified that the deposition rate also depends on the incidence angle, namely the deposition rate decreases with the increase of the incidence angle mainly due to the higher target-to-substrate distance thus to the dispersion of the sputtered flux and also to the increase of the receiving surface for a given solid angle. These results point out that the deposition rate depends on the position of the sample relative to the magnetron axis. The oxidation of the coatings resulting partially from a direct oxidation [35] , and if the quantity of oxygen received by the samples with the sputtered species flux whatever the incidence angle is assumed constant, then a variation of the oxygen introduced in the coating with the deposition rate and thus the incidence angle is then expected.
At 90 %, the deposition rate becomes constant with the incidence angle. When the pure metallic sputtering mode is reached (100 %), the deposition rate at low incidence angle (closed to the normal of the surface) becomes lower than that observed at higher incidence angles. The absence of oxygen at the target surface would alter the binding energy of the surface Fe atoms and the energy of the ions striking the target surface. Consequently, the emission law between a metallic sputtering mode and transition sputtering mode would be modified. A less directional emission flux (under cosine angular distribution) would be expected in the metallic mode in agreement with the voltage drop of the target [45] and could explain the inversion of the deposition rate with the incidence angle.
Furthermore, an anomaly of the deposition rate can be observed in a short range of setpoint between 7 about 67.5 to 75 %. It was already reported that the deposition rate analysis can give evidence of structural changes [46] , thus some structural and/or microstructural events could then be expected. hematite and magnetite phases coexist. In fact, this domain shrinks and shifts to higher setpoint when the incidence angle increases to completely disappear at α higher than 21°. In addition, it 8 should be noticed that the diminution of the X-ray intensity corresponding to the α-Fe (110) reflection with the incidence angle increase is mainly ascribed to a change in the preferential orientation ((110) at α = 4° to (211) at α = 27°) rather than a film thickness decrease. Fig. 3 presents the average transmittance calculated in the wavelengths range included between 700 to 1300 nm corresponding to the transparent domain for photons of energy lower than the threshold of the fundamental absorption involving the excitation of electron from the valence band to the conduction band. It can be clearly seen that hematite films deposited with a setpoint of 50 % exhibit a relatively high transparency, higher than 50 %. An increase of the setpoint leads to the progressive decrease of the transparency of the film that becomes fully opaque over 77.5%.
Optical properties of the FeOx films
Furthermore, the incidence angle increase induces a shift of this transition domain towards higher setpoint and to the decrease of the slope in absolute value. Indeed, at higher incidence angle or lower deposition rate, the oxidation rate of the film increases. Consequently, the hematite structure and thus the transparency is maintained at higher incidence angle for a constant setpoint. It is necessary to decrease the quantity of oxygen in the chamber to a higher setpoint to crystallize magnetite structure and to win in opacity for coatings deposited at high incidence angle.
The progressive drop of the transmittance is observed in a domain of composition where a mixture of hematite and magnetite coexist, and is assumed to be correlated to the phase proportion.
Film growth with an oblique incidence is a well-known phenomenon. The microstructure and the morphology can strongly be modified according to the incidence angle value, leading to the presence of porosity [47] . As previously observed by Charles et al., the diminution of the transmittance with the incidence angle could be also ascribed to a change in the porosity of the microstructure [48] . However, the value of incidence angle used in this study seems to be too low to have a significant effect on the optical properties.
It can be noticed that the edge of the coexistence domain does not correspond exactly with the previous X-ray observations, probably because the proportion of the secondary phase is too weak to be detected by X-ray analysis.
In the transmittance drop domain, a change in the slope between 67.5 to 75% can be observed. This event is consistent with the irregularity of the deposition rate previously observed.
Hematite-type films which show a relatively high transparency exhibit an absorption edge in the range 570-600 nm at the origin of the reddish colour of the coatings. The optical band gap of hematite-type film has been experimentally determined using Tauc's formula (see Fig. 4 ) [49] :
Where α is the absorption coefficient obtained from transmittance and reflectance spectra, A is a constant, and n is equal to ½ for allowed direct transition or 2 allowed indirect transitions. The absorption coefficient α has been determined from the transmittance T(λ) and reflectance R(λ) spectra in using the following equation :
where t is the thickness of the film. The direct and indirect band gaps of hematite films deposited with a setpoint lower than 67.5 % are about 2.06-2.17 and 1.78-1.96 eV respectively, in agreement with previous studies [50] [51]. The incidence angle has no influence on the electronic transitions in pure hematite films. However, the crystallization of magnetite which is sensitive to the incidence angle and to the setpoint strongly affects the optical band gap of the films inducing a red shift of the absorption edge in addition to increase the opacity of the films.
Electric properties of the FeOx film
The electrical resistivity at room temperature of the FeOx films has been measured using a four probe method (see Fig. 5 ). The resistivity of the hematite films is stabilized at 10 5  cm, which is almost the measurement limit of the apparatus, and does not allow more accurate measurement whereas a large variation in the hematite film conductivity (10 4 to 10 10  cm) was reported by
Miller et al. [50] . The electrical resistivity of the pure magnetite (77.5 to 80 %) and iron phases [53] . The increase of the setpoint induces a drop of the electrical resistivity. Moreover it can be observed that the incidence angle affects the resistivity drop. Since the electrical resistivity depends on the phase proportion, the decrease of the electrical resistivity can be ascribed to the increase of the fraction of the conductive semi-metallic magnetite phase, in agreement with the optical properties. With the increase of the incidence angle the hematite crystallization prevails over that of the magnetite phase leading to higher electrical resistivity. It is noteworthy that the low incidence angles combined with a low working pressure (PT = 0.3 Pa) used in this study are insufficient to explain such electrical resistivity behavior only by the change of the porosity with the incidence angle [54] .
In addition an irregularity in the resistivity drop with the setpoint is observed in a limited domain (from 67.5 to 72.5 %) corresponding to the previous observations. Indeed, an increase in the resistivity is observed in this domain for low incidence angle. The amplitude of this increase 11 diminishes for higher incidence angle (the slope changes without inversion), i.e. for films in which the hematite fraction prevails over that of magnetite.
Magnetic properties of the FeOx films
From M-H loops of the FeOx thick films deposited on fused silica glass substrates, the coercivity and saturation magnetization have been determined (see Fig. 6 ). Hematite films (< 67.5 %) exhibit very small magnetization at saturation, in agreement with previous studies (1-2 emu cm -3 ) [55] .
The crystallization of the magnetite with the setpoint increase leads to the increase of the coercivity to reach a maximum, and to a slight increase of the saturation magnetization which is in agreement with an increase of magnetite phase fraction not only with the setpoint but also with the incidence angle. Similar results have been obtained with iron-chromiun oxide particles for which the saturation magnetization increases with the presence of magnetite phase in hematite [56] . The position of the coercivity maximum shifts to higher setpoint with the increase of the incidence angle. The coercivity of the magnetite films (77.5 and 80 %) is included between 312 to 426 Oe and their saturation magnetizations are about 243-424 emu cm -3 which is lower than the bulk values (477 emu cm -3 ) [10] . The magnetization of the films having a mixture of magnetite and metallic iron remains quite constant though the crystallization of iron. Their coercivity decreases to 100-150 Oe, and then to less than 100 Oe for pure iron film. The saturation magnetization of iron film is lower than the bulk value (1700 emu cm -3 ). Many factors such as the quality of the crystallization [57] , the chemical ordering at the nanoscale [58] or the presence of internal porosity [59] could explain the lower saturation magnetization values of the coatings than that of the expected bulk value.
Conclusions
Thick iron oxide films were synthesized by pulsed-DC reactive magnetron sputtering assisted by plasma emission monitoring to accurately control the oxygen-to-metal ratio at the magnetic target surface to take into account its ageing. The intensity of the Fe* emission line was maintained at given value (setpoint) in regulating the introduced oxygen flow rate thanks to a closed loop control.
In addition, it was demonstrated that the stoichiometry of the growing film can also be adjusted by Figures caption Fig. 1 Dependence of the deposition rate with the setpoint for different incidence angles 
